ever, are not well documented (Donigian et al., 1977) and have had little field testing (Frere et al., 1980) . In an earlier study, Sharpley et al. (1982) predicted mean annual soluble (SP) and particulate P (PP) concentrations in runoff from several agricultural watersheds in the Southern Plains, from surface soil available P (AP) and total P (TP) content, respectively. These predictions were made using a single soil sample taken in March each year. The present study investigates the possibility that more frequent measurements of soil nutrient status may improve the prediction of runoff losses, due to a variation in soil nutrient content with fertilizer application and season. Surface soil samples were, therefore, collected at monthly intervals from several cropped and grassed, unfertilized and fertilized Southern Plains watersheds. The prediction of soluble and particulate P and N transport in runoff using sequential and single soil nutrient data are compared to measured losses.
PREDICTIVE EQUATIONS Soluble Losses
The desorption of soil P can be predicted using the following simplified kinetic equation (Sharpley et al., 1981b);  Pd =KPO t n W [1] where Pd is the amount of soil P desorbed (mg P kg -') in time, 1 (mm) at a water/soil ratio, W(cm' g') in the system where P is desorbed, P. is the AP content (mg kg-') of the soil, and K, a, and 0 are constants for a given soil. Equation [1] was subsequently expanded to describe the transport of SP in runoff (Sharpley et al., 1981a) KPO EDIBD to' W [2] V where Pr is the storm average SP concentration of runoff (jig L'), I the storm duration (mm), EDI the effective depth of interaction between surface soil and runoff in SP transport (mm), BD the bulk density of soil (Mg m 3), and Vthe total runoff during the event (mm). As Eq. [2] incorporates parameters describing the depth of surface soil-runoff interaction, storm size, and runoff water/soil (or suspended sediment) ratio, preliminary testing with simulated rainfall has shown it to be more versatile in describing SP transport than partition coefficients or equilibrium relationships (Ahuja et al., 1981; Sharpley et al., 1982) .
the units of soil TP and TN content are mg kg' and for the sediment concentration of runoff, g L'. The PER and NER are predicted by the following equations developed by Sharpley (1980) and Menzel (1980) , respectively;
In(PER) 2.48 -0.27 in (Soil loss) [5] ln(NER) = 2.00 -0.20 in (Soil loss) [6] where the units of soil loss for each runoff event are kg ha'
EXPERIMENTAL

Study Area
Watershed location and management are detailed in Table 1 . The major soil types on the El Reno, OK, Riesel, TX, and Woodward, OK watersheds are Kirkland silt loam (fine, mixed, thermic, Udertic Paleustolls), Houston Black clay (fine, montmorillonitic, thermic, Udic Pellusterts), and Woodward loam (coarse-silty, mixed, thermic, Typic Ustochrepts), respectively. Runoff from the watersheds was measured during 1981 and 1982, with flow-weighted samples collected from each runoff event as detailed previously .
Surface soil samples (0-50 mm depth) were collected at four sites in each watershed (near the flumes) at monthly intervals and cornposited. The samples were air dried, sieved (2 mm), and stored at 4°C for chemical analysis.
Chemical Analysis
Soil-The TP content of surface soil was determined by digestion with perchloric acid (Olsen and Sommers, 1982) . Available P was determined by the Bray-1 procedure (Bray and Kurtz, 1945) . The extracts were centrifuged (266 km s' for 5 mm) and filtered (0.45 sm). Total N was determined by a semimicro-Kjeldahl procedure (Bremner, 1965a) and nitrate-N (NO,-N) by 2 M KCI extraction and microdiffusion (Bremner, 1965b) .
Runoff-The concentration of soluble reactive P (subsequently referred to as soluble P, SP), was determined on filtered (0.45 m) runoff samples and that of total-water soluble P following digestion with acid ammonium persulate (USEPA, 1979) . Total P was determined on unfiltered samples after digestion with perchloric acid (O'Connor and Syers, 1975) . Particulate P was calculated as the difference between TP and total water-soluble P. The concentration of P was measured on all neutralized filtrates by the colorimetric method of Murphy and Riley (1962) . Total N and NO,-N were measured by automated procedures described in Methods for Chemical Analysis of Water and Wastes (USEPA, 1979) . Suspended sediment concentration of runoff was determined in duplicate as the difference in weights of 250 mL aliquots of unfiltered and filtered samples after evaporation to dryness.
RESULTS AND DISCUSSION
Soil Contents
The TP, TN, AP, and NO3-N contents of surface soil (0-50 mm) during 1981 and 1982 are shown for representative unfertilized (Y14) and fertilized (Y) watersheds in Fig. 1 . Little seasonal variation in soil nutrient con- FR5 and 6, and FR7 and 8, respectively, in September 1981 and on FR5, 6, 7 , and 8 at a rate of 76 kg N ha-' in March 1982 and 58 kg ha' in September 1982. ttt Liquid fertilizer N was applied at a rate of 90 kg N ha-' for grass and sorghum, 45 kg N ha-' for cotton, and 54 kg N ha' for oats. When cropped, the watershed was disked to incorporate the N. 1 Liquid fertilizer P was applied at a rate of 36 kg P ha-' for grass, 40 kg P ha-' for sorghum and cotton, and 27 kg P ha-' for oats. § Fertilizer N applied at rates of 68 and 42 kg N ha-' in March 1981 and 56 kg N ha-'in September each year. Mulch treaded to mix in fertilizer. ¶11 Fertilizer P applied September at a rate of 28 and 21 kg P ha-' yr in 1981 and 1982, respectively, and mulch treaded to mix in fertilizer.
tent existed for the unfertilized watersheds but, as might be expected, as much as 10-fold variations were observed for the labile nutrient forms (AP and NO 3-N) for the fertilized watersheds. Therefore, the predictions of nutrient losses in runoff from the fertilized watersheds, especially, were expected to be improved using monthly soil nutrient contents.
Soluble Losses
The parameters of Eq.
[2] for each major soil type at each watershed location are presented in Table 2 . Values of Eq. [2] constants (K, a, and 13) were calculated from the percent clay:organic C content of surface soil at each location (Sharpley, 1983) . Storm duration, t, was set at 30 mm, an approximate value for a representative storm size. Actual storm duration data were not available. The effective depths of interaction used in the present testing were those measured with simulated rainfall (60 mm h') and a fine screen covering the soil to simulate vegetative cover (Sharpley et al., 1981a) . Bulk densities were obtained from field measurements. The monthly AP content of surface soil measured before each runoff event was used in Eq.
[2]. Measured and predicted SP concentrations of each runoff event during 1981 and 1982 are shown in Fig. 2 for each watershed at the Riesel and Woodward locations. The mean annual flow-weighted concentration and amount of SP in runoff from the watersheds was calculated from the SP concentration of each runoff event predicted by Eq. [2] using monthly soil AP measurements and a single annual estimate taken in March each year (Table 3 ). The prediction of SP concentration of individual runoff events at El Reno and Woodward locations, using either monthly or annual soil samplings, was poor (Fig. 2, Table 4 ). An improvement in SP prediction was obtained, however, for runoff events > 0.75 mm in volume, as shown in Fig. 2 and Table 4 by increased r and lower t values. At Riesel, all runoff events were > 0.75 mm volume. For events of lower runoff volume, SP concentration was overestimated ( Fig. 2) . No consistent difference in r or t values for SP predictions, using monthly or annual soil estimates, was found when related to measured values (Table 4) . It is apparent, therefore, that little improvement in the prediction of SP transport in runoff was obtained with more frequent (monthly) sampling. Such results might be expected for the unfertilized watersheds, since there was little seasonal AP variation (Fig. 1) . For the fertilized watersheds, however, the lack of improvement in SP prediction probably results from the fact that runoff did not occur immediately after fertilizer application or associated soil sampling. A minimum of 21 and 14 d occurred between runoff and fertilizer P application and soil sampling, respectively. If runoff had closely followed fertilizer application and associated soil sampling, a greater variability in SP concentration (01-ness et al., 1980; Romkens and Nelson, 1974) and thus, an improved SP prediction would be expected. The impracticality of sampling surface soil immediately before a runoff event emphasizes the need for water quality models to simulate soil P cycling.
Although the SP concentration of low flow events (< 0.75 mm) was over predicted (Fig. 2) , these events constituted only 1, 0, and 18% of the measured amount of SP transported from El Reno, Riesel, and Woodward, respectively, during the 2-yr study (Table 3) 
ly), than were mean annual flow-weighted concentrations (r = 0.59 and 0.57, respectively). Consequently, the low flow events may be neglected when determining annual SP loss, unless these events constitute more than a specified proportion of the total runoff volume, which may be the case for the Woodward location. This proportion will be determined by prediction errors considered tolerable.
Poor predictions for the low-flow events may result in part from the fact that a constant EDI was used. It has been shown that EDI is dependent upon kinetic energy of raindrop impact on surface soil, soil slope, slope length, surface soil shaping, and presence of clods at the soil surface (Sharpley et al., 1981a; Ahuja et al., 1982 Ahuja et al., , 1983 . Calibration of EDI with storm intensity and prevailing management system should, thus, improve the prediction of SP.
The NO3 -N content of runoff was not closely related to that of surface soil before runoff (Fig. 3) , due to the rapid movement of NO 3 -N into the soil profile with infiltrating water, away from the zone of removal in runoff. A similar situation existed at Woodward (r = 0.17). This finding is consistent with earlier suggestions by Smith et al. (1983) regarding prediction of soluble N runoff losses.
Particulate Losses
The PP and TN concentration of runoff from the watersheds was predicted using Eq.
[3] to [6] , soil loss and concentration of each runoff event, and TP and TN Table 3 . Measured and predicted mean annual flow weighted concentration and amount of soluble P in runoff using Eq. [2] and monthly or annual estimates of surface soil available P, averaged for the 2-yr study. content of the surface soil before runoff (Fig. 4) . Mean annual flow-weighted concentrations and amounts of PP and TN in runoff from the watersheds were cal- culated from the concentration of each runoff event using monthly and annual soil samplings (Table 5) . Even though PP and TN concentrations of individual runoff events were poorly predicted (Fig. 4) , measured and predicted values were significantly related in all cases except TN concentration at Riesel (Table 4) like SP, no delineation was found between runoff volume and those events for which PP and TN was poorly predicted. No consistent difference in r or t values for PP and TN predictions, using monthly or annual soil estimates, was found when related to measured values (Table 4) . Thus, as was the case for SP, little improvement in the prediction of PP or TN transport was obtained with more frequent (monthly) sampling. The discrepancy between measured and predicted values (Fig. 4, Table 5 ) is due to the fact that the relationship between ER and soil loss (Eq. [5] and [61) varied between watersheds at each location (Table 6 ). In fact, regression slopes were consistently greater for the cropped compared to the grassed watersheds (Table 1) , except for PP at the Riesel location (Table 6 ). This agrees with earlier work, where Sharpley (1980) observed an increase in regression slope and intercept as rainfall and runoff energy and soil P content increased. The variation in intercept values (Table 6) , however, could not be accounted for by differences in soil P and N content (data not presented). As the relationship between ER and soil loss was different for grassed and cropped watersheds (Table 6 ), PP and TN concentrations of individual runoff events were predicted using a relationship for the same management practice. Using the ER-soil loss relationship for the grassed FRi (Table  6 ) and monthly soil samplings, predicted PP and TN concentrations for FR2, 3, and 4 were more closely related to measured values (r of 0.91 and 0.88 for PP and TN, respectively) than using Eq. [5] and [6] (r of 0.57 and 0.28 for PP and TN, respectively). Similarly, using the ER-soil loss relationship for the cropped FR5 (Table 6 ) and monthly soil samplings, predicted PP and TN concentrations for FR6, 7, and 8 were more closely related to measured values (r of 0.88 and 0.78) than using Eq. [5] and [6] (r of 0.50 and 0.64).
In the present study, a constant value for slope and intercept was used to predict PER (0.27 and 2.48 Eq.
[5]) and NER (0.20 and 2.00, Eq. [61) transport in runoff. Consequently, making regression slope and intercept values a function of factors affecting runoff energy, such as rainfall intensity and duration, vegetative cover, and management practice, should improve the prediction of PER and NER and thus, PP and TN transport in runoff.
CONCLUSIONS
The prediction of SP concentrations in individual runoff events was good for volumes > 0.75 mm. For runoff events < 0.75 mm, overestimation of SP concentrations resulted, in part from the fact that in the present testing ED! was assumed to be independent of soil properties and management practices. Since only the low flow events were poorly predicted, annual SP amounts were more closely related to measured values than mean annual flow-weighted concentrations. Furthermore, little improvement in SP prediction was obtained using monthly compared to a single March estimate of soil AP content. This was the case even for fertilized watersheds where P and N contents of surface soil showed up to a 10-fold variation (AP) between samplings. The content of NO 3 -N in surface soil and runoff were not closely related, precluding accurate NO 3 -N prediction in runoff.
Although PP and TN concentrations of individual runoff events were poorly predicted by a single equation, the prediction was improved using different equations for grassed and cropped watersheds. As for SP, mean annual flow-weighted concentrations and amounts were closely related to measured values and little improvement in the prediction of PP and TN transport in runoff was found by taking monthly soil samples. Thus, further development of Eq. [2], [5] , and [6] is indicated for their use on an individual event basis. This should include calibration of ED! with storm intensity and duration, and the effect of management practices on soil properties influencing ED!, such as bulk density, surface soil shaping, and residue cover. Similarly for PP and TN, calibration of equation parameters in relation to rainfall, soil, and management factors which influence runoff energy, is indicated. Although the discrepancies between measured and predicted values are small from a soil fertility standpoint, the proposed improvements to the predictive equations are important from a water quality standpoint.
